The HindII+III restriction enzyme fragmentation pattern of various X-480trp deoxyribonucleic acid molecules is presented. An The tryptophan operon consists of five structural genes and a rather complex series of regulatory elements including the promoter, the operator, and the leader region (7). An approach towards understanding the detailed protein-deoxyribonucleic acid (DNA) interactions presumably occurring at these regulatory elements is to isolate a species of DNA molecule that contains just these trp-specific regulatory elements. This can be accomplished by isolating a restriction enzyme fragment generated from X-480trp DNA. The appropriate fragment might be defined by genetic means, using DNA molecules containing deletions ending in the regulatory element region, and/or by analysis of which fragments bind to the proteins thought to interact with this region.
The tryptophan operon consists of five structural genes and a rather complex series of regulatory elements including the promoter, the operator, and the leader region (7) . An approach towards understanding the detailed protein-deoxyribonucleic acid (DNA) interactions presumably occurring at these regulatory elements is to isolate a species of DNA molecule that contains just these trp-specific regulatory elements. This can be accomplished by isolating a restriction enzyme fragment generated from X-480trp DNA. The appropriate fragment might be defined by genetic means, using DNA molecules containing deletions ending in the regulatory element region, and/or by analysis of which fragments bind to the proteins thought to interact with this region.
In this report we describe an HindII+III restriction enzyme analysis of several different species of X-¢80trp DNA molecules. We used phages carrying deletions of the trp regulatory elements and ribonucleic acid (RNA) polymerase-binding studies in an attempt to define a restriction fragment that carries the entire trp operon regulatory element region. This attempt failed in a very interesting and potentially useful fashion, since the trp promoter contains an HindII site. This observation was made independently by Bennett et al. (6) .
MATERIALS AND METHODS
Buffers and media. Hind buffer consists of 10 mM tris(hydroxymethyl)aminomethane (Tris; pH 7.9), 60 mM NaCl, and 6.6 mM MgCl2 (23 (19) . Phage buffer (0.3 M NaCl and 0.1 M Tris-hydrochloride, pH 7.9), DNA buffer (0.01 M NaCl, 0.01 M Tris-hydrochloride [pH 7.9], and 10-4 M tetrasodium ethylenediaminetetraacetate), XCa buffer, and M63 salts mixture were described elsewhere (5, 12, 21) . Buffer PFBX consists of 0.01 M Tris (pH 7.9), 0.01 M MgCl2, 0.1 mM dithiothreitol, and 0.1 mM tetrasodium ethylenediaminetetraacetate. PBBX is PFBX to which bovine serum albumin has been added to 5 mg/100 ml. T-agar, F-top-agar, and 4 agar were described before (5, 12) .
Bacteria and bacteriophages. The trp deletion strain W3110AOE1 was a gift from W. Brammar. trp point mutant strains QD7016 (F-trpE9851), QD7026 [F-trpE (Am)9829], QD7033 (F-trpE5947), QD7049 (F-trpET3), and QD7055 [F-trpE (Oc)9914] were from C. Yanofsky. The X-480 hybrid phage f2 (N.
Franklin's phage "hybrid 2," from K. Carlsen) has the following genetic characteristics: att80cIts2N-7N53ninlh80. Most of the trp transducing phages used in this study were described previously (12) . The characteristics of these phages are summarized in Table 1 .
Phage 4 21/5 17 AE was constructed as follows. A plate lysate of transducing phage 4 21/5 17 (12) was prepared on bacterial strain W3110AOE1 from a single plaque, using an overlay of T-top-agar on Tagar. The lysate was diluted and plated on T-agar to give single plaques, which were stabbed with toothpicks onto a lawn of strain QD7016 on T-agar and on 'rii agar layered with 0.25 ml of washed, lOx-concentrated strain QD7016 in F-top-agar. Of 500 plaques tested (from the same lysate), 3 25 for a description of the mutations). This indicates a defect within the trpE gene, an unexpected result since strain W3110AOE1 is supposed to carry a deletion covering trpE mutations 9914, 9829, and 9851 and extending into the trp operator region (17) . In this report, this deletion is used to identify the trpE region. Preparation of trasnducing phage DNA. Phage were grown as described by Reznikoff et al. (22) and Barnes et al. (4) . Phage preparations purified by three cesium chloride equilibrium centrifugation steps were dialyzed against phage buffer before preparation of DNA by one of two methods: (i) extraction with phenol (three steps) followed by extensive dialysis of the aqueous phase against DNA buffer; or (ii) addition of ethylenediaminetetraacetate to 1 mM and heating for 10 min at 65°C, followed by dialysis against phage buffer. The method of DNA preparation seemed to have no effect on the results of the experiments described.
Digestion of DNA with restriction endonucleases Fig. 8 were linear 3 to 10% acrylamide gels kindly provided by M. Purucker.
To visualize the DNA fragments, the gels were removed from the tubes and placed in a 10-,ug/ml solution of ethidium bromide for 10 min, followed by several rinses in water. The gels were illuminated with a short-wavelength ultraviolet lamp, and photographs were taken with a Polaroid Land camera, a dark red filter, and type 57 Land film.
Filter binding assay for RNA polymerase-DNA complexes. The general procedure for assaying RNA polymerase-DNA complexes was similar to that described by Reznikoff (21) (12) and from the parental X-q580 hybrid phage f2 was digested with restriction endonucleases HindII+III (23). The digested DNA was then analyzed on 3.5% polyacrylamide gels. The patterns obtained are illustrated in a photograph ( Fig. 1 ) and in schematic form (Fig. 2) . The molecular weight estimates shown in Fig. 2 and discussed later in this paper are derived from a comparison of the migration of X->80 hybrid f2 and X-080ptrp DNA fragments in the 3.5% polyacrylamide gels relative to the migration of known DNA fragments present in the same gels. These known A DNA fragments are f2#2 (carrying PR'), f2#5 (carrying tL), f2#10 (carrying the right-hand side of PL and rex), f2#14 (carrying po), f2#20 (carrying the right-hand side of PR and tof),f2#29 (carrying the left-hand side of PR and pRM), and f2#32 (carrying the left-hand side of PL and part of N). They were identified as described later in the text and in experiments to be described in a subsequent communication (B. B. Jones, H. Chan, S. Rothstein, R. D. Wells, and W. S. Reznikoff, manuscript in preparation). The migration of these fragments relative to their molecular weights as determined by Allet and Bukhari (1) was plotted on semilogarithmic paper ( Fig. 3) and was found to generate an approximate linear relationship between fragments with molecular weights of 2.1 x 105 and 12.2 x 105. The molecular weight estimates within this range assume that the migration of the DNA molecules is only a function of their molecular weight, which may not be strictly true, and that the molecular weight estimates presented by Allet and Bukhari (1) are correct. In fact, the molecular weight estimates of Allet and Bukhari may be slight underestimations since they determined the lacP-O Hind fragment to be 720 nucleotide pairs long and its actual length is 789 (W. Gilbert, personal communication). The smallest known fragment detectable on these gels is the 6.6 x 104-dalton fragment from the AcI region. This region of the gel is more clearly resolved in the 3 to 10% gradient gels shown in Fig. 8 .
Some of the observations that can be made from the patterns shown in Fig. 1 and 2 are as follows. (i) Six fragments found in the parental phage seem to be absent in all of the transducing phages (fragments 4, 7, 22, 24, 34, and 35 of f2). These have approximate molecular weights of 1.5 x 106, 1.1 X 106, 3.3 x 105, 3.0 x 105,)2.0 x 105, and :2.0 x 105, respectively, indicating loss of about 3.6 x 10c, daltons of parental phage DNA from the transducing phages. These fragments must be from the region between att80 and tL for reasons to be discussed later in this section.
(ii) Four parental phage fragments (no. 10, 21, 29, and 32 of f2; molecular weights: 7.9 x 105, 3.4 x 105, 2.5 x 105, and 2.1 x 105, respectively) are lost from only three phages: 4 21/5 17, 2 18/4 10, and 13 4/6 5. These fragments total about 1.6 x 106 daltons and are derived from part of N and from the immunity region (see below).
(iii) Thirteen fragments from the trp-tonB region appear to be present in all of the transducing phages. These Fig. 1 . The DNA was from phages 13 4/6 5 (a), 2 18/4 10 (b), 4 21/5 17 (c), 14 10/6 40 (d), 11 21/5 17 (e), 14 11/6 12 (f), 12 10/6 6 (g), 12 19/6 7 (h), 2 Fig. 4 ). This observation is in accord with these four fragments being from the N-opPR region. Since the transducing phages were selected for expression ofthe trp structural genes, phages lacking the trp promoter most probably possess PL and would, therefore, show the N-ORPR fragments. Transducing phages that possess the trp promoter would not require this region for trp gene expression or viability and might be expected to delete the region because of selective pressure against larger phage genomes. When the HindII+III digest of one of thesepL+ phage DNAs (that from phage 14 10/6 40) was examined on a 3 to 10% gradient gel, an additional fragment from this region was resolved (see Fig. 8 ). This is a fragment, ofmolecular weight 6 .6 x 104, that is known to be between the 3.4 x 105-and 2.5 x 105-dalton fragments within the cI gene.
(vii) In conjunction with another study aimed at determining the sites of RNA polymerase interaction with Xplac5 DNA (Jones et al., in preparation), we compared the molecular weights ofHindII+III DNA fragments ofphage f2 DNA and A DNA. One can identify in the f2 pattern X fragments from the y region to the right-hand terminus of X. The lambda (3 fragment does not appear to be present, suggesting that the f2 genome is lambda from the y gene to 23 Fig. 1 and 2) as the one that carries most of the trp regulatory region. This conclusion is based, in part, on the finding that the fragment carries some of the trpE gene. In the experiment described in Fig. 5 (12) showed that all four possess the 8.3 x 10W-dalton DNA segment, whereas, of five trpP phages, none has the fragment, even though three of these (11 21 4 21/5 17 meets this requirement.
As will be discussed below, in vitro studies involving binding of RNA polymerase to HindlI+III-generated DNA fragments indicated that there is HindII+III cleavage site within the trp promoter and that this site is between the 8.3 x 105-and 2.0 x 106-dalton fragments mentioned above.
RNA polymerase-binding studies. RNA polymerase was bound to the fragments of DNA produced by complete HindII+III digestion of various phage DNA preparations, as outlined in Materials and Methods. We wished to observe the variations that occurred among the various classes of phages and, in particular, whether the trpP+ phages exhibited an extra polymerase-binding fragment compared with the trpP phages; i.e., could binding to the trp promoter be observed?
Results for two trpP+ phages and a trpP phage are shown in Fig. 6 . In addition, DNA from the other phages previously analyzed in 6 . RNA polymerase binding to HindII+III fragments of transducing phage DNA. RNA polymerase was incubated with phage DNA fragments generated by HindJI +III, and fragments binding RNA polymerase were detected by a filter binding assay as described in the text. Samples in the various gels are as follows: 13 4/6 5 fragments incubated with RNA polymerase (a), 13 4/6 5 total digest (b), 4 21/517 fragments incubated with RNA polymerase (c), 4 21/5 17 total digest (d), 11 21/5 17 fragments incubated with RNA polymerase (e), and 11 21/517 total digest (f). Phages 13 4/6 5 and 4 21/517 carry the trp promoter, whereas 11 21/517 does not (Fig. 4) . The symbols P1 to P6 represent DNA fragments of parental phage origin, which bind RNA polymerase; Bl to B3 represent DNA of bacterial origin. F represents a fusion fragment consisting of both phage and bacterial DNA. phage origin and two come from the trp-tonB region. The polymnerase-binding fragments of phage origin will be discussed in a subsequent communication (Jones et al., in preparation) .
(ii) Two additional fragments of parental phage origin (fragments 5 and 10 in the f2 pattern) bind RNA polymerase in the transducing phage DNAs in which they are found. These fragments carry the tL region and the fragment to the right of the HindII+llI cleavage in PL, respectively.
(iii) The fusion fragments (containing phage and bacterial DNA) that can be distinguished also bind RNA polymerase (e.g., fragment 4 of phage 11 21/5 17) . In some cases, this binding may be due to a site present on the tL fragment mentioned above.
(iv) The fragment that precedes the 8.3 x 105-dalton trp regulatory fragment (the 2.0 x 106-dalton fragment found in phage 4 21/5 17) binds to RNA polymerase, but the 8. Protection of cleavage sites by RNA polymerase. If the trp promoter fragment has an end point within the trp promoter, one would expect that binding RNA polymerase to the DNA before digestion would protect the promoter site from cleavage, and the fragment would disappear and be replaced by a larger fragment. This has been observed for the lambda operator-promoter sites ORPR and OLPL (2, 15) . a b e#1.25 x 10 <- 8.3 To test whether RNA polymerase protected the 8.3 x 105-dalton fragment from cleavage, the experiments shown in Fig. 7 and 8 were performed.
In the two trpP+ phage DNAs tested in the experiment described in the legend to HindII +III were then added, and digestion was allowed to proceed to completion. The DNA fragments were precipitated with ethanol and dissolved in 50 pi of Hind buffer before electrophoresis. The rationale for using 0.15 M salt during RNA polymerase binding is that in vitro transcription of the trp operon has been shown to be far more efficient at the higher salt concentration (18) , and this may be a reflection of the ability of RNA polymerase to bind to DNA. When 0.05 M KCl was used, protection of the 8.3 x 105-dalton trp regulatory fragment (see Results) was less complete but still obvious. The samples applied to the various gels are as follows: 13 small fusion fragment (about 150 base pairs long) that is unique to this phage and is apparent on the gel of 13 4/6 5 DNA shown in Fig. 8 . One new fragment, of about 1.25 x 106 daltons, also appears. This fusion fragment is approximately the correct molecular weight to represent the product of the three lost fragments. These results with phage 13 4/6 5 suggest that there are fewer than 150 base pairs of bacterial DNA between the trp promoter andpR. This result is in agreement with genetic data (12) indicating that, of the trpP+ phages tested, 13 4/6 5 carries the least amount of bacterial DNA beyond the trp promoter (the structure of phage 13 4/6 5 as determined by restriction enzyme analysis is indicated in Fig. 4) .
The existence of a HindII+III cleavage site within trpP was corroborated by the protection experiment using DNA from phage 4 21/5 17 ( Fig. 7) . Protection of the 8.3 x 105-dalton fragment is almost complete, as is that of sites adjacent to the right-hand side ofPR (fragment 28 of 4 21/5 17; 3.7 x 105 daltons) and adjacent to the two DNA segments unique to phage 4 21/5 17 (fragments 3 and 26; 2.0 x 106 and 4.0 x 105 daltons, respectively). Although not apparent in this photograph, the fusion fragments seem to be between fragments 1 and 2 and in the vicinity of fragment 14 (7.2 x 105 daltons). This confirms that the 2.0 x 106-dalton fragment is close to the trp regulatory fragment (8.3 x 105 daltons), that these combine to form the 2.8 x 106-dalton RNA polymerase-binding fusion fragment, and that the 4.0 x 105-dalton fragment and the right-hand side of OR (3.7 x 105 daltons) are adjacent DNA segments that combine to form the 7.2 x 105-dalton RNA polymerase-binding fragment. Figure 8 shows the result of a "protection" experiment in which phage 14 10/6 40 DNA was used. Although the 8.3 x 105-dalton fragment is partially obscured by the fragment from the right-hand side ofPL, it is still evident that the presence of RNA polymerase before and during the HindII+III reaction prevents the generation of this fragment and the neighboring 1.4 x 106 dalton-fragment, resulting in formation of a larger fusion fragment. Fig. 7 , except that the samples were applied to 3 to 10% linear gradient gels and subjected to electrophoresis at 200 V for 4.5 h. The samples applied to the various gels are: 13 4/6 5 DNA digest (a), 13 4/6 5 DNA incubated with RNA polymerase before and during digestion (b), 14 10/6 40 DNA digest (c), and 14 (1) ; the 3.7 x 105-dalton fragment, which is the right-hand portion Of PR (2) ; and the fusion fragment, which contains material to the "left" Of PR and material preceding the trp regulatory element fragment (3) . The indicated "protected" fragments from 14 Although the simplest explanation for all of these observations is the presence of a Hin dII +III cleavage site within the trp promoter, it is also possible that the site is merely close to the trp promoter, in a position directly or indirectly protected from endonucleolytic cleavage by RNA polymerase. However, sequencing studies on the trp promoter-operator region have indicated the presence of a HindII cleavage site at 11 base pairs preceding the trp messenger RNA initiation site (6) and a second HindII cleavage site at 34 base pairs preceding the trp messenger RNA initiation site (C. Yanofsky, personal communication). The existence of the 23-basepair fragment between these two cuts would not have been detectable by our polyacrylamide gel analyses. The location of the HindII cleavage site at position -34 is similar to that of the HindII target sites found in other promoters (PL and PR and the simian virus 40 E. coli RNA polymerase interaction site; 8, 13, 24, 26) . Our protection experiments suggested that RNA polymerase, when bound to the trp promoter, protects both the site at -11 and the site at -34 from cleavage by HindII.
DISCUSSION
In vitro studies described here involving RNA polymerase holoenzyme binding to HinddII+Ill-generated DNA fragments indicated that at least seven fragments in our trp transducing phages bind RNA polymerase. Those of phage origin will be discussed in a subsequent communication (Jones et al., in preparation) . Two of the fragments of E. coli origin could represent a promoter for the tonB gene and the weak internal promoter (P2) of the trp operon (16) . It should, however, be noted that, although RNA polymerase binding has been observed at sites known to initiate messenger RNA synthesis (i.e., promoters) (e.g., 8, 14, 20, 22, 24, 26) , it is not necessarily true that all RNA polymerase-binding sites represent promoters.
Finally, since we know the total amount of bacterial DNA carried by these phages (ca. 8.7 x 106 daltons or 1.32 x 104 base pairs up through the end of the 8.3 x 105-dalton regulatory region fragment) and the size of the trp operon (6,700 base pairs long; 11), we can estimate that the region between att80 and trpA, which is known to include tonB, is -6,500 base pairs long. If the molecular weight measurements of Allet and Bukhari (1) are underestimates of the true molecular weights, this value for the att80-trpA region will have to be corrected accordingly.
